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Adsorption of lead ions from an aqueous solution onto NaOH-modified rice husk
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ABSTRACT

In the current study, the adsorption of toxic lead ions from aqueous solution by NaOH-modified
rice husk (MRH) was investigated. The effect of operating factors such as contact time, amount of
MRH (adsorbent), initial concentration of metal ions (lead ions) in aqueous solution, tempera-
ture and initial solution pH on the adsorptive removal of lead ions from aqueous solution by using
MRH was considered. The adsorption results demonstrated that the percentage removal of lead
ions was increased with contact time, mass of MRH and pH while declined with initial concentra-
tion of lead ions and temperature. Adsorption of lead ions onto MRH was subjected to Langmuir,
Freundlich, Temkin and Dubinin-Radushkevich isotherms. Results represented that adsorp-
tion of lead ions fitted well to Langmuir isotherm indicating that surface adsorption and mono-
layer coverage of lead ions onto MRH surface. The maximum Langmuir adsorption capacity was
28.6 mg/g. The kinetic study illustrated those lead ions adsorption onto MRH was fitted to pseudo-
second-order kinetic model. The thermodynamic parameters investigations revealed that lead ions
removal by MRH was an exothermic and spontaneous adsorption process. The MRH demonstrated
more than 75% removal of lead ions after 4 adsorption/desorption cycles. Therefore, MRH could

be utilized as an extraordinary adsorbent for removal of lead ions from aqueous solution.
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1. Introduction

In the aquatic environmental, the existence of heavy met-
als has been a big deal to engineers and scientists because
they are non-biodegradable, toxic in nature, and other
adverse effects on receiving waters [1,2]. Nowadays, it is still
possible to find some heavy metal ions in the wastewater
due to industrial processes inspite of the strict regula-
tions on environmental issues imposed in several countries
[3,4]. However, when such polluted water is unconsciously
discharged into natural water flows, it resulted to true
environmental damage. Moreover, the human health is
also at risk in addition to aquatic animals and plants [5-7].

* Corresponding authors.
* Both the authors contributed equally to this work.

Heavy metals including chromium, lead, copper, zinc,
cadmium, mercury, nickle, etc. present causes several envi-
ronmental challenges according to their toxicity. Among
heavy metals, Lead is one of the most dangerous metal for
the human health, particularly for children due to the fact
that, their growing bodies can absorb higher amounts of
lead than adults [8-10]. Although lead is forbidden in sev-
eral products, it is still employed in commercial products as
automotive batteries, cookware, paints, and some Mexican
potter glazes [11,12]. It also has applications in fuels, print-
ing pigments manufacturing, photographic materials, and
explosive manufacturing [13]. Human health is under the
stress of increasing lead concentration in water bodies;
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several reports have stated that some not dangerous dis-
eases including anemia, diarrhea, and headaches are seen
at a low concentrations of lead ions in the blood, while, at
a higher concentration (>10 pg/L), the liver, kidney, and
neurological and reproductive systems can be seriously
damaged [4,14]. Hence, the small concentration of lead is
also very toxic for living organism and human being.

Several scientists tried to withdraw heavy metal from
wastewater bodies. They utilized several conventional
method including chemical precipitation [15], ion-exchange
[16], floatation [17], coagulation [18], membrane pro-
cesses [19], solvent extraction [20] and adsorption [21-23]
to remove heavy metals from aqueous solutions. Among
these employed procedures, adsorption is considered one
of the most renowned methods to remove heavy metals.
It represented many advantages including low cost, easy
operation, high efficiency, and production of less sludge
volume [24].

To date several types of materials such as activated
carbons [25], carbon nanotubes [26], zeolites [27], chitosan
[28], clays [29] and agricultural wastes [30] were utilized
to remove metal cations from aqueous solutions. However,
in the last few decades, researchers have been utilized the
bio adsorbents for heavy metals remediation. Biosorbents
including coconut shell, rice husks, wheat shell, sunflower
stalk, soybean hulls, walnut shell, banana stalk, sugarcane
bagasse and other agriculture products and plants wastes
were used for the removal of organic and inorganic pol-
lutants. Among them, the rice husk gained more attraction
for the adsorption process since it has high mechanical
strength, chemically stable, insoluble in water as well as cost
effective material [31]. Moreover, rice is being cultivated
in more than 75 countries (mainly in Asia) and the world
consumption of rice is around 80 million tons annually
[32]. Furthermore, the husk accounts almost 20%-23% of
the rice plant [32]. And hence, due to its wide availability
with no cost, rice husk is a potential adsorbent for several
kinds of pollutants. For lead removal, it was reported that
the maximum adsorption capacity of lead onto untreated
grinded rice husk was 4 g per kg of rice husk (i.e., 4 mg/g)
[33]. Later, Naiya et al. [34] has improved the capacity of
lead onto rice husk waste by testing the removal of lead by
rice husk ash and they obtained higher adsorption capacity.
Recently, Shi et al. [35] prepared a rice husk biochar and
tested its ability for lead ions adsorption. They obtained a
maximum capacity of 26.7 mg/g for the rice husk biochar
pyrolyzed at 700°C [35]. The main drawbacks of raw rice
husk including low lead adsorption capacity as well as
less selectivity [31]. Therefore, NaOH-treated rice husk
could enhance he adsorption capacity by modifying the
rice husk functional groups. The chemical treatment of bio
sorbents by NaOH has proven its ability toward improv-
ing the removal of cationic pollutants. It was reported that
NaOH treatment can alter the functional groups onto the
surface of biosorbents by increasing the intensity of several
groups such as C=0, C-H, and O-H which have resulted
in increased ion exchange capacity with cationic pollut-
ants [36,37]. Moreover, NaOH treatment can increase the
ionic ligands of amino and carboxyl groups and resulted
in increased electrostatic interaction forces [36,37]. For
instance, the removal of lead has improved by NaOH

treatment of rice bran and corncobs [36,37]. Moreover, the
cationic copper ions removal has been improved by NaOH
treatment of rice husk and pine cone powder [38,39]. To
the best of our knowledge, the NaOH activation of rice
husk for the removal of lead ions from aqueous solution
is not reported yet.

Previously, we studied adsorption of heavy metal
ions, and anionic dyes from aqueous solution onto rice
husk, leaves powder of various plants [40-42], and ion
exchange membrane [43-48]. The objectives of the current
study; (i) investigate the potential adsorption of lead ions
from aqueous solution onto modified rice husk (MRH).
(ii) Investigating the effect of operating endowments includ-
ing pH, adsorbent dosage, contact time, initial lead concen-
tration, and temperature on the removal efficiency of lead
ions. And finally, (iii) proposing the adsorption mecha-
nism of lead ions onto modified rice husk by analyzing the
isotherm, kinetic and thermodynamics data.

2. Experimental
2.1. Materials

Lead nitrate Pb(NO,), (purity: 99.5%), sodium hydrox-
ide (NaOH) (purity: 99%), hydrochloric acid (HCI) (purity:
37%) were kindly supplied by Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. All the chemicals were utilized
as received. Throughout this work, deionized water was
utilized.

2.2. Adsorbent

Husk of basmati rice was kindly provided by the rice
mill, Punjab, Pakistan. To withdraw dust particle, it was
thoroughly washed with distilled water and oven dried at
80°C till constant weight was achieved. Neutron activation
analysis (NAA) and atomic adsorption spectrometry (AAS)
methods were utilized for its chemical analysis employing
for their trace metal contents and achieved results were
reported in our previous work [49,50]. It was noted that the
quantity of metals such as Na, K, Pb and Fe were present
in pg/g of sample. Silica contents were found to be 18.27
(0.62%) of MRH [50,51]. The small contents of elements
in MRH was analysed via standard methods.

2.3. Modification of RH

For this purpose, the dried and cleaned RH was mod-
ified with 1.0 M NaOH solution. Initially, 50 g of RH was
added in the NaOH solution into a 1.0 L beaker. The mix-
ture was shaked vigorously for 24 h. After that, the RH
was cleaned until neutral pH was obtained with distilled
water. Then, it was dried in oven at 80°C till constant
weight was obtained and stored in airtight container.
It was denoted as MRH.

2.4. Adsorption of lead ions onto modified-RH

Adsorption of lead ions onto MRH was performed
as described in our previous research [50-56]. A known
quantity of MRH was taken into a 25 c¢cm® secured cap
culture tube along with 4 cm® of standard acid solution
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and a constant volume of stock radiotracer with known
amount of lead ions concentration solution was added.
Consecutively, the contents were equilibrated on a
wrist-action mechanical shaker (Vibromatic, USA) at
a rate of 500 rpm for specific intervals of time. Then, it
was centrifuged at 5,000 rpm for phase separation and
the supernatant solution was removed for activity mea-
surement. The radioactivity of solutions before (A) and
after (A) equilibrium was measured with a Nal well type
scintillation counter (Canberra Inc.) coupled with a count-
er-scaler (Nuclear Chicago). A volume of 1.0 cm® was
normally employed to record activity. All research was
conducted at ambient temperature except where otherwise
specified. The percentage removal of lead ions by using
MRH from aqueous solution was calculated using Eq. (1):

A -A
Y%adsorption = —a x100 (1)

i

where A, and A, represent initial and final adsorption of
lead ions (counts/min) into aqueous solution respectively.

2.5. Characterization
2.5.1. Brunauer—Emmett-Teller surface area

The Brunauer-Emmett-Teller (BET) surface area, pore
volume and pore diameter were evaluated by the nitro-
gen adsorption/desorption isotherm by using the BET ana-
lyzer (Type: Novatech LX2 analyzer, Anton Paar, Austria).
The equipment was degassed at 300°C for 6 h before
conducting the experiment.

2.5.2. Fourier-transform infrared spectroscopy test

Fourijer-transform infrared spectroscopy (FTIR) spec-
trometer (Vector 22, Bruker) containing resolution of 2 cm™
and total spectral range of 4,000-400 cm™ was utilized to
reveal MRH before and after lead ions adsorption onto
it by utilizing attenuated total reflectance (ATR).

2.5.3. Morphological study

Surface morphology and elemental composition of rice
husk before and after modification was studied by employ-
ing field-emission scanning electron microscope (FE-SEM,
Apreo, Thermo Fisher Scientific, USA). The scanning elec-
tron microscopy (SEM) is operated with energy dispersive
spectrometer (EDS, Bruker XFlash® 6-60, Germany) which
was used for elemental chemical composition analysis.

2.5.4. Zero point of charge (pH )

ZPC

The zero point of charge (pH,,.) of MRH was eval-
uated by the pH drift method. Briefly, 20 mg of MRH was
added to 20 mL of 0.1 M NaCl solutions. The initial pH (pH,)
of the NaCl solutions was adjusted between 2.1 and 11.2
by the addition of 0.1 M of HCl or NaOH. Next, the solu-
tions were allowed for shaking for 72 h and the final pH
(pH,) was measured. The pH,,. was calculated by plotting
the pH, against the difference in the pH (pH, - pH,).

2.6. Effect of operating factors

The following sections (2.6.1-2.6.5) provide the detailed
experimental conditions of the current study. The reasons
behind selecting these conditions are explained in Section S1.

2.6.1. Effect of contact time

The influence of contact time on the removal of lead
ions from aqueous solution was explored by keeping mass
of MRH (0.025 g), initial concentration lead ion in aqueous
(20 mg/L), volume of lead ion aqueous solution (20 mL),
and stirring speed (200 rpm) constant at room temperature.

2.6.2. Effect of mass of MRH

The effect of mass of MRH on the removal of lead ions
was studied by varying mass of MRH from 0.01 to 0.04 g
keeping contact time (1,440 min), volume of lead ions
aqueous solution (20 mL), initial concentration of lead ions
in aqueous solution (30 mg/L), stirring speed (200 rpm)
constant at room temperature.

2.6.3. Effect of initial concentration

It was investigated by changing initial concentration of
lead ion in aqueous solution from 20 to 100 mg/L keeping
mass of MRH (0.025 g), contact time (1,440 min), volume
of lead ion aqueous solution (20 mL), and stirring speed
(200 rpm) constant at room temperature.

2.6.4. Effect of temperature

It was revealed by varying temperature from 295 to
333 K keeping contact time (1,440 min), volume of lead
ion aqueous solution (20 mL), mass of MRH (0.025 g), ini-
tial concentration of lead ion in aqueous solution (30 mg/L)
and stirring speed constant (200 rmp) constant.

2.6.5. Effect of initial solution pH

It was evaluated by varying pH from 2.7 to 6.7 keep-
ing initial concentration of lead ions in aqueous solution
(30 mg/L), mass of MRH (0.025 g), volume of lead ion aque-
ous solution (20 mL), stirring speed (200 rpm) constant
at room temperature.

2.7. Adsorption isotherms

Adsorption isotherms including Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich were employed to
explore experimental data for adsorption of lead ions from
aqueous solution onto MRH.

2.7.1. Langmuir isotherm

It is based on the maximum adsorption corresponds to
the saturated monolayer of liquid molecules on the solid
surface. It is represented as follows [57-59].

¢._ 1 .G @
qﬂ KLQm Qm
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where K| is Langmuir constant (L/mg) and Q, is Langmuir
monolayers adsorption capacity (mg/g), C, is supernatant
concentration at equilibrium state of the system (mg/L),
and g, is the amount of dye adsorbed at equilibrium state
of system (mg/g). The essential characteristics of Langmuir
isotherm can be shown denoted in term of dimension-
less constant separation factor R, that is given by [60].

1
" 1+K,C,

®)

The value of R, indicated the shape of the isotherm to
be either unfavorable (R, > 1), linear (R, = 1), favorable
(0<R, >0), orirreversible (R, =0) [61].

2.7.2. Freundlich isotherm

It is an empirical relation employed to explain the het-
erogeneous system. The Freundlich isotherm model is
shown as [62].

logg, =logK, +110ng (4)
n

where Kf and n, are Freundlich constant.

2.7.3. Temkin isotherm

The linear form of Temkin isotherm is expressed as [42]:
q,=B,InA.+B,InC, (5)

where B, = RT/b,, R is gas constant (8.31 J/mol K) and T is
absolute temperature (K). The constant b, is related to
the heat of adsorption and A, is equilibrium binding con-
stant coinciding to the maximum binding energy.

2.7.4. Dubinin—-Radushkevich isotherm
The Dubinin—-Radushkevich model is shown as [42]:

Ing, =Ing,, —pe* Q)

where 3 (mol?/K]J) is constant related to the adsorption energy
and ¢ is the Polanyi potential can be determined by using
below relationship.

1
s:RTln[1+C] @)

e

where R is gas constant (8.31 kJ/mol) and T is absolute tem-
perature (K). The mean free energy E (kJ/mol) can be calcu-
lated by Eq. (8):

E= ®)

%‘.—\
=

2.8. Adsorption kinetics

Adsorption kinetics for adsorption of lead ions from
aqueous solution onto MRH was explored by using several
kinetic models.

2.8.1. Pseudo-first-order model

The linear form of Lagergren pseudo-first-order rate in is
given as [40,41,53,63]:

K
i ©)

log (g, —q,)=logq, - 303

where K| (min™), g, and g, shows rate constant of pseudo-
first-order model, concentration of lead ions adsorbed at
equilibrium and time ¢ respectively.

2.8.2. Pseudo-second-order model

The linear form of pseudo-second-order kinetic model is
represented as [45,63]:

9. ka4

b_ 1t (10)

where K, (g/mg min) is the rate constant of pseudo-
second-order model.

2.8.3. Elovich model
The Elovich model is expressed as [44,64]:

q, :%ln(aﬁ)+%lnt (11)

where o (mg/g min) and (3 (g/mg) are constant. The param-
eter o is initial adsorption rate and 3 is the extent of sur-
face coverage and activation energy for chemisorption.

2.8.4. Liquid film diffusion model

It is shown as [65]:

1n(1—F)=—1< t

fd

(12)
where K, is liquid film diffusion rate constant, and F =g /4.

2.8.5. Modified Freundlich equation
It was originally developed by Kuo and Lotse [45,66]:

g, = kC " (13)

where k, C, t and m are adsorption rate constant (L/g min),
initial concentration (mg/L), contact time (min) and
the Kuo-Lotse constant respectively. Its linear form is
expressed as:
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Ing, :1n(kcg)+11nt (14)
m
2.8.6. Bangham equation
Bangham equation is represented as [63,64]:
C k m
loglo L =lo ¢ +alogt 15
& g(Co—qtm] g[z.303v] & 15

where m is mass of the MRH (adsorbent) employed (g/L),
V is volume of lead ion aqueous solution (mL), a (<1)
and k, (mL/(g/L)) are constants.

2.9. Thermodynamics study

For adsorption of lead ions from aqueous solution onto
MRH, the change in Gibb’s free energy (AG®), enthalpy
(AH®) and entropy (AS°) were calculated to investigate
adsorption thermodynamics as described [44,63,64,67].

We calculated change in Gibb’s free energy (AG®),
enthalpy (AH®) and entropy (AS°) were determined by using
Egs. (16)—(18):

InK :AS _AH (16)
° R RT
C
K ==« 17
=T (17)
AG° =AH°-TAS° (18)

where K, AG°, AH®° and AS° are equilibrium constant,
change in Gibb’s free energy (kJ/mol), enthalpy (kJ/mol) and
entropy (J/mol K), respectively.

2.10. Regeneration/desorption experiments

Desorption experiments were conducted in batch mode
at similar conditions (lead initial concentration 30 mg/L,

A
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20 mL solution, 25 mg of MRH, agitation speed 200 rpm, as
prepared pH 5.4 and room temperature). The spent MRH
from the first experiments was separated by centrifugation
and then washed with 0.1 M HCI for 4 h. Next, the MRH
washed several times with DI until neutral pH is achieved
and then, this adsorbent used for the next adsorption
study.

3. Results and discussion

3.1. Morphology, energy-dispersive X-ray spectroscopy
and surface area

Morphological features of non-modified and MRH
were studied by using SEM. Fig. 1 depicts SEM micro-
graph of non-modified (Fig. 1a) and MRH (Fig. 1b). It was
noted that the surface morphology of non-modified RH
was rough. It was change to smooth after modification with
NaOH. It was noted that MRH possess pores on it which
are excellent for adsorption of lead ions from aqueous solu-
tion. After adsorption, no major changes occurred onto the
surface of the MRH as seen in Fig. 1c.

The surface area, pore volume and pore diameter were
evaluated by the BET analyzer. The nitrogen adsorption/
desorption were evaluated by the Barrett, Joyner, and
Halenda (BJH) method and the results are illustrated in
Table 1. The MRH demonstrated a surface area of 5.42 m%/g.

To confirm the removal of lead ions by MRH, the
energy-dispersive X-ray spectroscopy (EDS) analysis
were carried out for the raw MRH and the spent adsor-
bent and the results are illustrated in Fig. 2. As illustrated
in Fig. 2a, the modified rice husk is mainly consisted of
carbon, oxygen, silicon and traces of Ca, K, Mg, Al and P.
and K (0.4 wt.%). After the lead ions removal (Fig. 2b), the
elemental compositing has slightly changed due to loca-
tion changes, however, the dominant elements are the

Table 1
Surface properties of MRH evaluated by the BET analyzer

Surface area (m*/g) 5.42
Pore volume (cc/g) 0.018
Pore diameter (nm) 3.44

VEGA3 TESCAN| SEM HV: 20.0kV
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SEM MAG: 1.70kx | Det: SE 20pm

VEGAS TESCAN|
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Fig. 1. SEM micrographs of (a) non-modified RH, (b) MRH, and (c) MRH after adsorption.
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Fig. 2. EDS analysis of MRH, (a) before adsorption and (b) after lead ions removal.

same carbon, oxygen and silicon. Moreover, the lead (Pb)
was detected on the MRH after adsorption, the weight
percentage was about 1.6 wt.% confirming the successful
removal of lead ions by the MRH.

3.2. FTIR analysis

In this study, FTIR spectroscopy was employed to prove
adsorption of lead ions from aqueous solution onto MRH.
FTIR spectrum of MRH before adsorption is illustrated in
Fig. 3. The peak at 3,400-3,200 cm™ was associated to the
surface O-H stretching, whereas aliphatic C-H stretch-
ing had a broad band at 2,921-2,851 cm™. The peaks at
1,217.0; 1,365.4; 1,737.8 and 1,027.4 cm™ were because of
carboxyl group on MRH in the range of reported peaks at
1,208-1,230, 1,367-1,371, 1,740 and 1,029 cm™ for carboxyl
group [68,69]. The peaks at 1,737.8; 1,435.6 and 1,365.4 cm™
were attributed to C=O stretching, O-H bending of the
adsorbed H,O and aliphatic C-H bending, respectively [70].
Except, the peak at 1,074.0 cm™ coincides to anti-symmetric

stretching vibration of Si-O, whereas at 476.2 cm™ showed
the bending vibration of Si-O-5i bond [68,71,72]. The peaks
related to non-conjugated carbonyl functional groups
in the MRH spectrum showed hydrolyses of carbonyl
groups during NaOH treatment.

After adsorption of lead ions from aqueous solution onto
MRH, the changes in the spectrum of lead ions load MRH
were noted (Fig. 3). There were slight shift of 1,739.4 and
1,367.3 cm™ peak of carbonyl, carboxyl functional groups
and decline in their intensities were observed. A shift of
~12 and 11 em™ was seen in 1,217.0 and 1,029 cm™ peaks. It
showed the involvement of these functional groups into lead
ions adsorption onto MRH.

3.3. Effect of operating factors on percentage removal of lead ions
from aqueous solution by MRH

Fig. 4a denotes the influence of contact time on the
percentage removal of lead ions from aqueous solution by
using MRH under applied experimental conditions. It was
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noted that the percentage removal of lead ions from water
was increased with contact time. For instance, the removal
efficiency enhanced from 29% to 89% with increasing the
contact time from 1 to 1,440 min. Initially, the removal of
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Fig. 3. FTIR spectrum of MRH before and after lead ions
adsorption from aqueous solution.
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lead ions was rapid as shown in Fig. 4a. It is associated to
the present of a lot of empty sites onto MRH. Therefore,
the interaction between metal ions and MRH were devel-
oped and hence fast adsorption of lead ions onto it was
observed. Then, the increase in the percentage removal of
metal ions was very small. After that, the equilibrium was
attained. There were no more enhancements in the removal
of metal ions with contact time. Due to movement of lead
ions into interior pores of MRH, the percentage removal
was slowed down when all surface sites MRH (adsorbent)
were saturated. Similar was observed in our previous
work [73].

The influence of adsorbent dosage toward a certain
pollutant is an important parameter since it is required for
the scale up of the utilization of an adsorbent in real appli-
cations. Fig. 4b represents the effect of the MRH-dosage
onto the percentage removal of lead ions from aqueous
solution. The results deomnstrated an increase in the
removal efficiency with MRH dosage which is similar to
our previous research [50,51,55]. For example, the removal
efficiency found to increase from 44% to 98% with increas-
ing MRH dosage from 0.010 to 0.040 g. The increase in the
removal efficiency with adsorbent dosage is attributed to
the increase of vacant adsorption sites associated with the
adsorbent dosage against a fixed concentration of lead ions.
The removal efficiency was more than 91% using 25 mg of
MRH, further increasing the dosage resulted in increased
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Fig. 4. (a) Effect of contact time, (b) dosage, and (c) initial concentration of lead ions solution on the percentage removal of lead ions

from aqueous solution by MRH.
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removal by 3%, hence the dosage of 25 mg was selected
as an optimum dose and used for the rest of the study.
Similar results were noted in our previous work [74].

The effect of initial concentration of lead ions onto
the removal efficiency of lead ions was also considered
and results are displayed in Fig. 4c. It was seen that; the
removal efficiency was decreased from 91% to 27% with
increasing initial concentration of metal ions aqueous solu-
tion. This was attributed to the saturation of adsorption
sites onto MRH, some of metal ion was left unabsorbed
at higher initial concentration. Also at low initial concen-
tration, more binding spaces were presented resulting in
higher removal efficiency. However, the number of com-
peting metal ions for existing binding sites was enhanced
with increasing initial concentration of metal ions. Similar
results were noted in our previous work [44,45,53].

Temperature also has significant influence on adsorption
of heavy metal ions from aqueous solution. Fig. 5a depicts
the influence of temperature on the percentage removal of
lead ions from aqueous solution by using MRH. Results
showed that the removal lead ions was decreased from 89%
to 85% with rise in temperature from 295 to 333 K. This
trend it attributed to the decline in surface activity with
rise temperature [44,75]. Moreover, increasing the tempera-
ture will increase the mobility of lead ions which in turn
increase the kinetic energy of the lead molecules allowing
them to escape from the adsorption sites and remain sus-
pended in the bulk solution. Therefore, adsorption of lead
ions onto MRH was exothermic process.

Fig. 5b represents effect of initial solution pH on the
removal of lead ions from aqueous solution by using
MRH. Solution acidity/basicity is an important param-
eter in adsorption studies since pH is not only influ-
ence the adsorbent charge but it also affects the precip-
itation of lead ions. Fig. 6 illustrates the zero point of
charge (pH,,.) of the MRH and it was found to be 3.9.
From Fig. 5b, it is observed that the removal of lead ions
was found to be increased with initial solution pH from
2.6 to 5.5. Next, the removal efficiency was decreasing
by increasing the solution pH to 6.8, which is mainly

89
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88 -
g
g
=]
E 87
=1
86 T T T T T T T T
290 295 300 305 310 315 320 325 330 335

Temperature (K)

attributed to the lead ions precipitation. Further increas-
ing the solution pH to basic conditions, the lead ions
found to precipitate and hence basic conditions were not
considered in the results. The maximum removal of lead
ions from aqueous solution by MRH was attained at pH
of 5.50 (acidic medium). The increase in lead ions removal
with pH is attributed to the surface charge of the adsor-
bent. At pH 2.7, the adsorbent is positively charged and
the removal efficiency is low due to the repulsive inter-
actions with positively charged lead ions. Increasing the
pH to 3.6, the removal efficiency increased to the reduc-
tion in the positive charge of the adsorbent which in turn
reduce the magnitude of the repulsive interactions and
hence the removal efficiency increased to 45%. After that
(i.e., at pH > pH,,.), the adsorbent is positively charged
and the adsorption is occurring due to the electrostatic
interactions and hence improved adsorption capac-
ity at pH 4.2 and 5.4. However, the removal efficiency
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Fig. 6. Zero point of charge (pH,,.) of MRH by the pH drift
method.
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Fig. 5. (a) Effect of contact time, (b) dosage, and (c) initial concentration of lead ions solution on the percentage removal of lead ions

from aqueous solution by MRH.
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then decreased at pH 6.7 which is attributed to the pre-
cipitation of lead ions as mentioned above. These findings
are consistent with the adsorption of silver ion from aque-
ous solution onto rice husk as reported in our previous
work [56].

3.4. Adsorption isotherms

Experimental data for lead ions adsorption onto MRH
was subjected to Langmuir, Freundlich, Temkin, and
Dubinin—-Radushkevich isotherms. Langmuir adsorption
isotherm for lead ions adsorption onto MRH is repre-
sented in Fig. 7a and the determined values of its factors
are given in Table 2. The correlation coefficient (R = 0.997)
value was close to unity which represented that lead ions
adsorption onto modified-RH fitted well to Langmuir iso-
therm. Moreover, the calculated value of R, (0.014-0.062)
denoted that lead ions adsorption onto MRH was favor-
able process. The plot of Freundlich isotherm for lead ions
adsorption is depicted in Fig. 7b and the determined val-
ues of its factors are shown in Table 2. The value of cor-
relation coefficient (R* = 0.751) represented that lead ions
adsorption cannot be described by the Freundlich isotherm.

25
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Calculated values of isotherm parameters for lead ions adsorp-
tion from aqueous solution onto MRH

Adsorption isotherms Parameters
Q. 28.63
Langmuir isotherm K, 0.75
R, 0.014-0.062
R? 0.997
n 7.14
Freundlich isotherm Kf 16.52
R? 0.751
b, 799
Temkin isotherm A, 194
R? 0.811
B 5x10°
C, 27.58
Dubinin-Radushkevich isotherm  R? 0.928
E 10.0
Q, (mol/g); K, (L/mol); K, ((mg/g)(L/mg)""); C,, (mol/g); B (mol*/J*);
E (kJ/mol)
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Fig. 7. (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin—-Radushkevich isotherm for lead ions adsorption onto MRH.
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Fig. 7c shows the plot of Temkin isotherm for lead ions
adsorption onto MRH and the calculated values of b, and
A, are shown Table 2. For this isotherm, the value of cor-
relation coefficient (R? = 0.811) was smaller than Langmuir
isotherm suggesting that lead ions adsorption onto MRH
not followed Temkin isotherm. Dubinin-Radushkevich
isotherm for lead ions adsorption onto MRH is shown in
Fig. 7d and the values of Dubinin—-Radushkevich constant
(C,) and are given in Table 2. The R* value of Dubinin-
Radushkevich model is 0.927 implying that the isotherm
data in good agreement with this model. For lead ions
adsorption onto MRH, the calculated value mean adsorp-
tion energy was 10.0 kJ/mol. It exhibited that lead ions
adsorption was chemical adsorption process. Similar was
reported in our previous work [50,51,63]. The maximum
Langmuir adsorption capacity was found 28.6 mg/g. This
capacity found to be higher than raw rice husk and rice
husk biochar. Table 3 presents the maximum Langmuir
adsorption capacity of raw rice husk and carbon based
materials obtained from rice husks.

3.5. Adsorption kinetics for lead ions adsorption onto MRH

Herein, adsorption kinetics for lead ions adsorp-
tion from aqueous solution onto MRH was explored by
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applying several kinetics models. Fig. 8a illustrates the plot
of pseudo-first-order model for lead ions adsorption onto
MRH and its measured parameters (K, and q,) are given
in Table 4. It was noted that the value of correlation coef-
ficient (R?) was 0.895. There was a large difference between
calculated adsorption capacity values (g, = 8.29 mg/g)
and experimental adsorption capacity (q,.,, = 20.30 mg/g).
Hence, the rate process can’t be explained by pseudo-
first-order model. The plot of pseudo-second-order model
is represented in Fig. 8b and the calculated factors for

Table 3
Adsorption capacities of lead onto rice husks and carbonaceous
materials derived from rice husk

Adsorbent Maximum References
adsorption capacity

NaOH-modified rice husk  28.6 This study

Raw rice husk 4.0 [33]

Rice husk ash 91.74 [34]

Rice husk biochar 26.7 [35]

NaOH-treated rice husk 49.2 [76]
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Fig. 8. (a) Pseudo-first-order model, (b) pseudo-second-order model, (c) Elovich model, and (d) liquid film diffusion model for lead

ions adsorption onto MRH.
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Table 4
Measured parameters of adsorption kinetic models for lead ions
adsorption onto MRH

Kinetic models Parameters
Dop 20.30
ecal 8.29
Pseudo-first-order model K, x 107 3.0
R? 0.895
q, 20.40
Pseudo-second-order model K, %107 4.71
R? 0.999
o 0.52
Elovich model B 118.36
R? 0.974
K, x 103 6.91
Liquid film diffusion model Cyy -0.89
R? 0.895
m 6.67
Modified Freundlich equation k 0.27
R? 0.862
3 8.23
Bangham equation o 0.15
R? 0.862

q, (mg/g); K, (min™); K, (g/mg min); a (mg/g min); p (g/mg);
K., (min™); k (L/g min); k : (mL/g/L)

it are shown in Table 4. From here, it was seen that the
value of experimental (g, = = 20.30 mg/g) and calculated
adsorption capacity (qml' = 20.40 mg/g) were very close
to each other. In addition, the value of correlation coeffi-
cient was close to unity (R? > 0.999) representing that lead
ions adsorption onto MRH followed pseudo-second-order
model. The plot of Elovich model for lead ions adsorption
onto MRH is denoted in Fig. 8c and its calculated factors
(o and ) are given in Table 4. As it can be seen from this
Table 4, the value of correlation coefficient (R* = 0.974)
was smaller than pseudo-second-order model. Fig. 8d
indicates liquid film diffusion model’s plot for lead ions
adsorption onto MRH and the determined values of its
endowments are given in Table 4. For liquid film diffu-
sion model, the value of correlation coefficient (R? = 0.895)
was also smaller than pseudo-second-order model exhibit-
ing that it was not good to study adsorption of lead ions
from aqueous solution onto MRH.

For lead ions adsorption from aqueous solution onto
MRH, the modified Freundlich equation plot is shown in
Fig. 9a and the corresponding parameters are presented
in Table 3. The determined value of correlation coeffi-
cient (R?> = 0.862) was smaller than pseudo-second-order
model. It revealed that the experimental data was not fit-
ted to modified Freundlich equation. Fig. 9b represents
the plot of Bangham equation plot for lead ions adsorp-
tion of onto MRH and the measured values of endow-
ment (o and m) are represented in Table 4. For lead ions
adsorption onto MRH, the double logarithmic plot did
not give linear curve indicating that the diffusion of

adsorbate (lead ions) into pores of the adsorbent (MRH)
is not the only rate controlling step [50,63]. For lead ions
adsorption from aqueous solution by MRH, it might be
that both film and pore diffusion crucial to different extent.

3.5.1. Intraparticle diffusion study

To further investigate the adsorption mechanism of
Pb(II) ions onto MRH, the intraparticle diffusion model was
applied on the kinetic data. Intraparticle diffusion model
is usually applied to study the rate limiting step of the
adsorption process. The intraparticle diffusion is given in
the following equation:

q,= kip\ﬁ +c (19)

where g, is the adsorption amount at time (t), k (mg/
(g min'?)) is the constant of the intraparticle diffusion model,
and ¢ (mg/g) is the intercept of the model. By plotting the
data g, against the square root of time, if the data points fit
a straight line and passes through the origin, then the intra-
particle diffusion is the controlling adsorption mechanism.
Otherwise, several limiting steps are controlling the adsorp-
tion process. As depicted in Fig. 10, the data points didn’t
form one straight line and didn’t cross the origin and hence
the intraparticle diffusion is not controlling the adsorption
process and the surface film diffusion significantly influ-
ence the adsorption process. By splitting the intra-particle
points into three segments, 3 straight lines were observed
with a correlation factors (R?) for the trend lines between
0.999 and 1. Step 1 belongs to the surface film diffusion,
this step occurred in short time (around 10 min) and found
to be responsible of 66.6% of the total adsorption capacity.
Next, Step 2 belongs to the pore diffusion of Pb(II) ions in
the internal surface of the MRH. Step 2 found to monitor
29.8% of the total adsorption capacity, this step is a slow
adsorption process and achieved in 350 min. The last step
(step 3), belongs to the equilibrium state where the Pb(II)
adsorbed on the mesoporous structure of the adsorbent and
the remaining vacant sites on the adsorbent surface, this
step is responsible of 3.6% of the total adsorption capacity.
To conclude, the adsorption of Pb(II) ions by MRH is mainly
controlled by surface adsorption and to a lesser extent the
pore diffusion in the internal pores of the adsorbent.

Based on the isotherm, kinetics, influence of pH and
FTIR results, Fig. 11 illustrates the possible interactions of
lead ions onto the surface of MRH. It can be summarized
that both physical and chemical adsorption processes going
on, the electrostatic interactions, surface and pore diffusion
were also affected the removal process.

3.6. Adsorption thermodynamics for lead ions adsorption from
aqueous solution onto MRH

To study the thermodynamics of lead ions adsorption
from aqueous solution by MRH, the values of change Gibb’s
free energy (AG®), enthalpy (AH®), and entropy (AS°) were
measured. The plot of InK_vs. 1/T for lead ions adsorption
onto MRH is represented in Fig. 8c and the calculated val-
ues of thermodynamic factors (AG°, AH®°, AS°) are given
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in Table 5. The negative value of enthalpy (AH°) repre-
sented that adsorption of lead ions was an exothermic pro-
cess. Moreover, the negative value of entropy (AS°) during
lead ions adsorption onto MRH indicated decreases in the
degree of randomness at the adsorbent-adsorbate inter-
face. The negative value of Gibb’s free energy showed that
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Table 5
Measured thermodynamic factors for adsorption of lead ions
from aqueous solution onto MRH

Temperature (K) AH (kJ/mol) AS (J/Kmol) AG (kJ/mol)
295 —-4.537
1 4.
313 —4.61 -0.25 233
323 —4.544
333 —4.522
100
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- 80
d
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z
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Fig. 12. Removal efficiency of lead ions against the adsorption/
desorption cycles.

adsorption process was spontaneous in nature. The increase
in values of Gibb’s free energy with rise in temperature
represented that the adsorption process is favored at room
temperature than at higher temperatures.

3.7. Regeneration experiments

Desorption and regeneration experiments are very
important to evaluate the reusability of MRH for lead
ions removal. Therefore, the MRH were tested for the
removal of lead ions in 4 adsorption/desorption cycles.
Desorption was conducted by washing the spent adsor-
bent with 0.1 M HCl solution and the results are illustrated
in Fig. 12. The MRH demonstrated a relative decrease
in the removal efficiency of lead ions with adsorption/
desorption cycles. However, more than 75% of an initial
concentration of 30 mg/L of lead ions can still be achieved
after 4 adsorption/desorption cycles. These results sug-
gesting that MRH can be utilized for the remediation
of lead ions from aqueous solution s.

4. Conclusions

In this manuscript, lead ions adsorption from aque-
ous solution onto MRH was investigated in detail. FTIR
spectroscopy showed adsorption of lead ions onto MRH.

The percentage removal of lead ions was enhanced with
contact time, mass of MRH, pH while deceased with ini-
tial concentration of lead ions in aqueous solution and
temperature. Adsorption isotherm study represented that
adsorption of lead ions onto MRH fitted to Langmuir iso-
therm. Kinetics study showed that lead ions adsorption
fitted to pseudo-second-order model. It was found that the
adsorption was mainly controlled by surface film diffusion
and in less extent by pore diffusion. Thermodynamics eval-
uation indicated that lead ions adsorption onto MRH was
exothermic and spontaneous process. The MRH demon-
strated more than 75% removal of lead ions after 4 adsorp-
tion/desorption cycles. From this we concluded that MRH
could be employed as an excellent adsorbent for removal
of lead ions from aqueous solution.

Acknowledgement

The authors are highly thankful to University of Sharjah
(UOS), Sharjah, United Arab Emirates for financial support.

References

[1] M. Sekar, V. Sakthi, S. Rengaraj, Kinetics and equilibrium
adsorption study of lead(Il) onto activated carbon prepared
from coconut shell, J. Colloid Interface Sci., 279 (2004) 307-313.

[2] B. Volesky, Removal and Recovery of Heavy Metals by
Biosorption. Biosorption of Heavy Metals, CRC Press, Boca
Raton, FL, 1990.

[3] R.H. Michael Greenstone, Environmental Regulations, Air and
Water Pollution, and Infant Mortality in India, Am. Econ. Rev.,,
104 (2014) 3038-3072.

[4] J. Cruz-Olivares, G. Martinez-Barrera, C. Pérez-Alonso,
C.E. Barrera-Diaz, M. del C. Chaparro-Mercado, F. Urefia-
Nufiez, Adsorption of lead ions from aqueous solutions using
gamma irradiated minerals, J. Chem., 2016 (2016) 8782469,
doi: 10.1155/2016/8782469.

[5] S.Demim, N. Drouiche, A. Aouabed, S. Semsari, CCD study on
the ecophysiological effects of heavy metals on Lemna gibba,
Ecol. Eng., 57 (2013) 302-313.

[6] S.Demim, N. Drouiche, A. Aouabed, T. Benayad, O. Dendene-
Badache, S. Semsari, Cadmium and nickel: assessment of the
physiological effects and heavy metal removal using a response
surface approach by L. gibba, Ecol. Eng., 61 (2013) 426-435.

[71 M. Jaishankar, T. Tseten, N. Anbalagan, B.B. Mathew,
K.N. Beeregowda, Toxicity, mechanism and health effects of
some heavy metals, Interdiscip. Toxicol., 7 (2014) 60-72.

[8] R.L. Canfield, C.R. Henderson Jr., D.A. Cory-Slechta, C. Cox,
T.A. Jusko, B.P. Lanphear, Intellectual impairment in children
with blood lead concentrations below 10 microg per deciliter,
N. Engl. J. Med., 348 (2003) 1517-1526.

[9] A. Chen, K.N. Dietrich, J.H. Ware, J. Radcliffe, W.J. Rogan,
1Q and blood lead from 2 to 7 years of age: are the effects in
older children the residual of high blood lead concentrations in
2-year-olds?, Environ. Health Perspect., 113 (2005) 597-601.

[10] S.Wang, J. Zhang, Blood lead levels in children, China, Environ.
Res., 101 (2006) 412-418.

[11] P. Gottesfeld, Time to ban lead in industrial paints and coatings,
Front. Public Health, 3 (2015) 144-144.

[12] J.D. Weidenhamer, P.A. Kobunski, G. Kuepouo, R.W. Corbin,
P. Gottesfeld, Lead exposure from aluminum cookware in
Cameroon, Sci. Total Environ., 496 (2014) 339-347.

[13] R. Jalali, H. Ghafourian, Y. Asef, S.J. Davarpanah, S. Sepehr,
Removal and recovery of lead using nonliving biomass of
marine algae, . Hazard. Mater., 92 (2002) 253-262.

[14] N. Arancibia-Miranda, S.E. Baltazar, A. Garcia, D. Mufioz-Lira,
P. Sepulveda, M.A. Rubio, D. Altbir, Nanoscale zero valent
supported by zeolite and montmorillonite: template effect of



[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

(33]

[34]

(35]

LW. Almanassra et al. / Desalination and Water Treatment 262 (2022) 152-167

the removal of lead ion from an aqueous solution, J. Hazard.
Mater., 301 (2016) 371-380.

V.V. Goncharuk, B. Kornilovich, V.M. Pavlenko, M.I. Babak,
G.N. Pshinko, B.V. Pysmennyi, I. Kovalchuk, V.G. Safronova,
Uranium compounds purification from water and wastewater,
J. Water Chem. Technol., 23 (2001) 44.

F. Ferella, M. Prisciandaro, I. De Michelis, F. Veglio, Removal
of heavy metals by surfactant-enhanced ultrafiltration from
wastewaters, Desalination, 207 (2007) 125-133.

J.S.Kim, C.H. Lee, S.H. Han, M.Y. Suh, Studies on complexation
and solvent extraction of lanthanides in the presence of diaza-
18-crown-6-di-isopropionic acid, Talanta, 45 (1997) 437—444.

D. Mohan, S. Chander, Single component and multi-component
adsorption of metal ions by activated carbons, Colloids Surf., A,
177 (2001) 183-196.

Z. Reddad, C. Gerente, Y. Andres, P. Le Cloirec, Adsorption
of several metal ions onto a low-cost biosorbent: kinetic and
equilibrium studies, Environ. Sci. Technol., 36 (2002) 2067-2073.
N. Unlii, M. Ersoz, Adsorption characteristics of heavy metal
ions onto a low cost biopolymeric sorbent from aqueous
solutions, J. Hazard. Mater., 136 (2006) 272-280.

S. Sen Gupta, K.G. Bhattacharyya, Kinetics of adsorption of
metal ions on inorganic materials: a review, Adv. Colloid
Interface Sci., 162 (2011) 39-58.

VK. Gupta, S. Sharma, Removal of zinc from aqueous solutions
using bagasse fly ash — a low cost adsorbent, Ind. Eng. Chem.
Res., 42 (2003) 6619-6624.

K. Kadirvelu, K. Thamaraiselvi, C. Namasivayam, Removal of
heavy metals from industrial wastewaters by adsorption onto
activated carbon prepared from an agricultural solid waste,
Bioresour. Technol., 76 (2001) 63-65.

B. Suboti¢, J. Broni¢, Removal of cerium(lll) species from
solutions using granulated zeolites, J. Radioanal. Nucl. Chem.,
102 (1986) 465-481.

E. Erdem, N. Karapinar, R. Donat, The removal of heavy metal
cations by natural zeolites, ]J. Colloid Interface Sci., 280 (2004)
309-314.

J.C.Y. Ng, WH. Cheung, G. McKay, Equilibrium studies of the
sorption of Cu(Il) ions onto chitosan, J. Colloid Interface Sci.,
255 (2002) 64-74. .

R. Celis, M. Carmen Hermosln, J. Cornejo, Heavy metal
adsorption by functionalized clays, Environ. Sci. Technol.,
34 (2000) 4593-4599.

D. Sud, G. Mahajan, M.P. Kaur, Agricultural waste material as
potential adsorbent for sequestering heavy metal ions from
aqueous solutions — a review, Bioresour. Technol., 99 (2008)
6017-6027.

M. Hua, S. Zhang, B. Pan, W. Zhang, L. Lv, Q. Zhang, Heavy
metal removal from water/wastewater by nanosized metal
oxides: a review, J. Hazard. Mater., 211-212 (2012) 317-331.

S. Bhattacharya, I. Saha, A. Mukhopadhyay, D. Chattopadhyay,
U.C. Ghosh, D. Chatterjee, Role of nanotechnology in water
treatment and purification: potential applications and
implications, Int. J. Chem. Sci. Technol., 3 (2013) 59-64.

Z. Shamsollahi, A. Partovinia, Recent advances on pollutants
removal by rice husk as a bio-based adsorbent: a critical review,
J. Environ. Manage., 246 (2019) 314-323.

Y. Dan, L. Xu, Z. Qiang, H. Dong, H. Shi, Preparation of
green biosorbent using rice hull to preconcentrate, remove
and recover heavy metal and other metal elements from
water, Chemosphere, 262 (2021) 127940, doi: 10.1016/j.
chemosphere.2020.127940.

N. Khalid, S. Ahmad, S.N. Kiani, J. Ahmed, Removal of lead
from aqueous solutions using rice husk, Sep. Sci. Technol.,
33 (1998) 2349-2362.

T.K. Naiya, A.K. Bhattacharya, S. Mandal, S.K. Das, The sorption
of lead(Il) ions on rice husk ash, J. Hazard. Mater., 163 (2009)
1254-1264.

J. Shi, X. Fan, D.CW. Tsang, F. Wang, Z. Shen, D. Hou,
D.S. Alessi, Removal of lead by rice husk biochars produced at
different temperatures and implications for their environmental
utilizations, Chemosphere, 235 (2019) 825-831.

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

[52]

(53]

165

T. Fatima, R. Nadeem, A. Masood, R. Saeed, M. Ashraf, Sorption
of lead by chemically modified rice bran, Int. J. Environ. Sci.
Technol., 10 (2013) 1255-1264.

G. Tan, H. Yuan, Y. Liu, D. Xiao, Removal of lead from aqueous
solution with native and chemically modified corncobs,
J. Hazard. Mater., 174 (2010) 740-745.

A.E. Ofomaja, E.B. Naidoo, S.J. Modise, Removal of copper(II)
from aqueous solution by pine and base modified pine cone
powder as biosorbent, J. Hazard. Mater., 168 (2009) 909-917.

S. Zafar, M.I. Khan, M.H. Lashari, M. Khraisheh, F. Almomani,
M.L. Mirza, N. Khalid, Removal of copper ions from aqueous
solution using NaOH-treated rice husk, Emergent Mater.,
3 (2020) 857-870.

M.I. Khan, S. Zafar, A.R. Buzdar, M.F. Azhar, W. Hassan, A. Aziz,
Use of citrus sinensis leaves as a bioadsorbent for removal of
congo red dye from aqueous solution, Fresenius Environ. Bull.,
27 (2018) 4679-4688.

M.I. Khan, S. Zafar, M.F. Azhar, A.R. Buzdar, W. Hassan,
A. Aziz, M. Khraisheh, Leaves powder of syzgium cumini as an
adsorbent for removal of congo red dye from aqueous solution,
Fresenius Environ. Bull., 27 (2018) 3342-3350.

M.IL Khan, S. Zafar, M.A. Khan, F. Mumtaz, P. Prapamonthon,
AR. Buzdar, Bougainvillea glabra leaves for adsorption of
congo red from wastewater, Fresenius Environ. Bull., 27 (2018)
1456-1465.

M.I. Khan, T.M. Ansari, S. Zafar, A.R. Buzdar, M.A. Khan,
F. Mumtaz, P. Prapamonthon, M. Akhtar, Acid green-25
removal from wastewater by anion exchange membrane:
adsorption kinetic and thermodynamic studies, Membr. Water
Treat., 9 (2018) 79-85.

M.A. Khan, M.I. Khan, S. Zafar, Removal of different anionic
dyes from aqueous solution by anion exchange membrane,
Membr. Water Treat., 8 (2017) 259-277.

M.I. Khan, M.H. Lashari, M. Khraisheh, S. Shahida, S. Zafar,
P. Prapamonthon, A. ur Rehman, S. Anjum, N. Akhtar, F. Hanif,
Adsorption kinetic, equilibrium and thermodynamic studies of
Eosin-B onto anion exchange membrane, Desal. Water Treat.,
155 (2019) 84-93.

M.I. Khan, L. Wu, A.N. Mondal, Z. Yao, L. Ge, T. Xu, Adsorption
of methyl orange from aqueous solution on anion exchange
membranes: adsorption kinetics and equilibrium, Membr.
Water Treat., 7 (2016) 23-38.

M.I Khan, M.A. Khan, S. Zafar, M.N. Ashiq, M. Athar,
AM. Qureshi, M. Arshad, Kinetic, equilibrium and
thermodynamic studies for the adsorption of methyl orange
using new anion exchange membrane (BII), Desal. Water Treat.,
58 (2017) 285-297.

M.I Khan, M.A. Khan, AR. Buzdar, P. Prapamonthon,
Adsorption kinetic, equilibrium and thermodynamic study for
the removal of Congo red from aqueous solution, Desal. Water
Treat., 98 (2017) 294-305.

S. Zafar, M.I. Khan, M. Khraisheh, S. Shahida, N. Khalid,
M.L. Mirza, Effective removal of lanthanum ions from aqueous
solution using rice husk: impact of experimental variables,
Desal. Water Treat., 132 (2018) 263-273.

S. Zafar, M.I. Khan, H. Rehman, J. Fernandez-Garcia, S. Shahida,
P. Prapamonthon, M. Khraisheh, A. Rehman, H.B. Ahmad,
M.L. Mirza, N. Khalid, M.H. Lashari, Kinetic, equilibrium,
and thermodynamic studies for adsorptive removal of cobalt
ions by rice husk from aqueous solution, Desal. Water Treat.,
204 (2020) 285-296.

S. Zafar, ML.I. Khan, M. Khraisheh, M.H. Lashari, S. Shahida,
M.F. Azhar, P. Prapamonthon, M.L. Mirza, N. Khalid, Kinetic,
equilibrium and thermodynamic studies for adsorption of
nickel ions onto husk of Oryza sativa, Desal. Water Treat.,
167 (2019) 277-290.

S. Zafar, M.I. Khan, M. Khraisheh, S. Shahida, N. Khalid,
M.L. Mirza, Effective removal of lanthanum ions from aqueous
solution using rice husk: impact of experimental variables,
Desal. Water Treat., 132 (2019) 263-273.

S. Zafar, M.I. Khan, M. Khraisheh, S. Shahida, T. Javed,
M.L. Mirza, N. Khalid, Use of rice husk as an effective sorbent



166

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

LW. Almanassra et al. | Desalination and Water Treatment 262 (2022) 152-167

for the removal of cerium ions from aqueous solution: kinetic,
equilibrium and thermodynamic studies, Desal. Water Treat.,
150 (2019) 124-135.

S. Zafar, M.I. Khan, M.H. Lashari, M. Khraisheh, F. Almomani,
M.L. Mirza, N. Khalid, Removal of copper ions from aqueous
solution using NaOH-treated rice husk, Emergent Mater.,
3 (2020) 857-870.

S. Zafar, M.I. Khan, W. Hassan, S. Mubeen, T. Javed, S. Shahida,
S.Manzoor, A. Shanableh, A. ur Rehman, M.L. Mirza, N. Khalid,
M.H. Lashari, Application of NaOH-treated rice husk for
adsorptive discharge of cobalt ions from wastewater, Desal.
Water Treat., 226 (2021) 328-338.

S. Zafar, M.I. Khan, A. Shanableh, S. Ahmad, S. Manzoor,
S. Shahida, P. Prapamonthon, S. Mubeen, A. Rehman,
Adsorption of silver, thorium and nickel ions from aqueous
solution onto rice husk, Desal. Water Treat., 236 (2021) 108-122.
I. Langmuir, The constitution and fundamental properties of
solids and liquids, J. Franklin Inst., 183 (1917) 102-105.

LW. Almanassra, G. McKay, V. Kochkodan, M. Ali Atieh,
T. Al-Ansari, A state of the art review on phosphate removal
from water by biochars, Chem. Eng. J., 409 (2021) 128211,
doi: 10.1016/j.cej.2020.128211.

LW. Almanassra, V. Kochkodan, G. Ponnusamy, G. McKay,
M. Ali Atieh, T. Al-Ansari, Carbide derived carbon (CDC) as
novel adsorbent for ibuprofen removal from synthetic water
and treated sewage effluent, J. Environ. Health Sci. Eng.,
18 (2020) 1375-1390.

T.W. Weber, R.K. Chakravorti, Pore and solid diffusion models
for fixed-bed adsorbers, AIChE J., 20 (1974) 228-238.

G. McKay, Adsorption of dyestuffs from aqueous solutions with
activated carbon I: equilibrium and batch contact-time studies,
J. Chem. Technol. Biotechnol., 32 (1982) 759-772.

H. Freundlich, Uber die adsorption in lasugen (Leipzig),
Z. Phys. Chem. A, 57 (1906) 385—470.

M.I. Khan, A. Shanableh, J. Fernandez, M.H. Lashari, S. Shahida,
S. Manzoor, S. Zafar, A. ur Rehman, N. Elboughdiri, Synthesis
of DMEA-grafted anion exchange membrane for adsorptive
discharge of methyl orange from wastewaters, Membranes,
11 (2021) 166, doi: 10.3390/membranes11030166.

M.L Khan, S. Akhtar, S. Zafar, A. Shaheen, M.A. Khan, R. Luque,
A. ur Rehman, Removal of Congo red from aqueous solution by
anion exchange membrane (EBTAC): adsorption kinetics and
themodynamics, Materials, 8 (2015) 4147-4161.

L. Liu, Y. Lin, Y. Liu, H. Zhu, Q. He, Removal of methylene
blue from aqueous solutions by sewage sludge based granular

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[73]

[76]

activated carbon: adsorption equilibrium, kinetics, and
thermodynamics, . Chem. Eng. Data, 58 (2013) 2248-2253.

M.I. Khan, J. Su, L. Guo, Development of triethanolamine
functionalized-anion exchange membrane for adsorptive
removal of methyl orange from aqueous solution, Desal. Water
Treat., 209 (2021) 342-352.

LW. Almanassra, V. Kochkodan, G. McKay, M.A. Atieh,
T. Al-Ansari, Kinetic and thermodynamic investigations of
surfactants adsorption from water by carbide-derived carbon,
J. Environ. Sci. Health. Part A Toxic/Hazard. Subst. Environ.
Eng., 56 (2021) 1206-1220.

V.C. Srivastava, I.D. Mall, .M. Mishra, Characterization of
mesoporous rice husk ash (RHA) and adsorption kinetics of
metal ions from aqueous solution onto RHA, J. Hazard. Mater.,
134 (2006) 257-267.

S. Kazy, K. Sar, P. Sen, A.K. Singh, Extracellular polysaccharides
of a copper sensitive and a copper resistant Pseudomonas
aeruginosa stain: synthesis, chemical nature and copper binding,
World J. Microbiol. Biotechnol., 18 (2002) 583.

SK. Kazy, S. D'Souza, P. Sar, Uranium and thorium
sequestration by a Pseudomonas sp.: mechanism and chemical
characterization, J. Hazard. Mater., 163 (2009) 65-72.

X. Ying-Mei, Q. Ji, H. De-Min, W. Dong-Mei, C. Hui-Ying,
G. Jun, Z. Qiu-Min, Preparation of amorphous silica from oil
shale residue and surface modification by silane coupling
agent, Oil Shale, 27 (2010) 3746, doi: 10.3176/0i1.2010.1.05.

L. Luduenia, D. Fasce, V.A. Alvarez, P.M. Stefani, Nanocellulose
from rice husk following alkaline treatment to remove silica,
BioResources, 6 (2011) 1440-1453.

IW. Almanassra, V. Kochkodan, G. McKay, M.A. Atieh,
T. Al-Ansari, Review of phosphate removal from water by
carbonaceous sorbents, J. Environ. Manage., 287 (2021) 112245,
doi: 10.1016/j.jenvman.2021.112245.

I.W. Almanassra, V. Kochkodan, M. Subeh, G. McKay, M. Atieh,
T. Al-Ansari, Phosphate removal from synthetic and treated
sewage effluent by carbide derive carbon, J]. Water Process Eng.,
36 (2020) 101323, doi: 10.1016/j.jwpe.2020.101323.

J. Zhang, Q. Zhou, L. Ou, Kinetic, isotherm, and thermodynamic
studies of the adsorption of methyl orange from aqueous
solution by chitosan/alumina composite, J. Chem. Eng. Data,
57 (2012) 412-419.

AM. Youssef, AL Ahmed, M.I. Amin, U.A. El-Banna,
Adsorption of lead by activated carbon developed from rice
husk, Desal. Water Treat., 54 (2015) 1694-1707.



LW. Almanassra et al. / Desalination and Water Treatment 262 (2022) 152-167 167

Supplementary information
S1. Reasons behind selecting the adsorption parameters

The influence of adsorption parameter was evaluated
by batch mode adsorption experiments. The effect of the
adsorption parameters was investigated by one param-
eter at a time, (i.e.,, varying one parameter and keeping
other parameters constants). Unless stated otherwise,
the adsorption experiments started by investigating the
effect of adsorbent dosage on the removal of 30 mg/L. In
this experiment, the left over concentration was measured
after 24 h and at the same time the adsorption tests were
left for 48 h to explore if there are any changes in the efflu-
ent concentration. The removal was constant and no major
changes in the final concentrations. Next, the optimum
dose (25 mg in 20 mL for the removal of an initial lead con-
centration of 30 mg/L), was repeated in order to see the

effect of contact time. After that, using the optimum dose,
the influence of the initial concentration (20-100 mg/L)
was investigated. The highest concentration was selected
to be 100 mg/L which is far enough to explore the maxi-
mum adsorption capacity as at higher concentrations, no
major changes in the adsorption capacity were observed.
For the effect of temperature, the experiments were carried
out by varying the temperature between 295 and 333 K.
According to temperature profiles of UAE, this range was
selected as all water streams temperature available in this
range. For the pH, it was inspected for pH 2.7 to 6.7, which
is acidic to neutral conditions. Experiments at higher pH
were conducted, but during preparation of lead solution,
white precipitate was directly formed, moreover, the initial
concentration of Pb(Il) was far away from what we have
prepared indicating the formation of lead hydroxides and
hence the results were not considered in the manuscript.
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